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Supersymmetric models with a Dirac gluino have been shown to be considerably less constrained
from LHC searches than models with a Majorana gluino. In this paper, we generalize this discussion
to models with a “Mixed Gluino”, that acquires both Dirac and Majorana masses, as well as models
in which electroweak gauginos contribute to squark production. Our primary interest is the degree
of suppression of the cross section for first generation squarks compared with a gluino with a pure
Majorana mass. We find that not all Majorana masses are alike – a Majorana mass for the gluino
can suppress the squark production cross section, whereas a Majorana mass for the adjoint fermion
partner leads to an increased cross section, compared with a pure Dirac gluino. In the presence of
electroweak gauginos, squark production can increase by at most a factor of a few above the pure
Dirac gluino case when the electroweak gauginos have purely Majorana masses near to the squark
masses. This unusual set of gaugino masses is interesting since the usual Higgs quartic coupling
would not be suppressed. When the electroweak gaugino masses are much lighter than the squarks,
there is a negligible change to the squark production cross section. We explain both of these cases in
detail by considering the various subprocesses for squark production at the LHC. Continued searches
for squark production with cross sections much smaller than expected in the MSSM are absolutely
warranted, and we suggest new simplified models to fully characterize the collider constraints.
I. INTRODUCTION
The strongest constraints on weak scale supersymme-
try from the LHC are on first generation squarks and
the gluino [1, 2]. First generation squark production pro-
ceeds through pp→ q˜q˜ that is dominated by t-channel ex-
change of a gluino that acquires a Majorana mass (“Ma-
jorana gluino”) using valence quarks from the proton.
Not surprisingly, the largest contributions come from
sub-processes involving a chirality flip in the t-channel
gluino exchange diagram which is a comparatively un-
suppressed dimension-5 interaction. The bounds on first
generation squarks, typically combined with the second
generation in a simplified model involving Mq˜ and Mg˜,
are currently Mq˜ > 1.8 TeV for Mg˜ 'Mq˜ [1].
In a previous paper [3], one of us (GDK) with Adam
Martin showed that the presence of a gluino that ac-
quires a Dirac mass (referred to as a “Dirac gluino”) –
instead of a Majorana mass – significantly weakens these
collider constraints. This was due to three reasons: first,
a Dirac gluino can be significantly heavier than a Majo-
rana gluino, with respect to fine-tuning of the electroweak
symmetry-breaking scale. This is because a Dirac gluino
yields one-loop finite contributions to squark masses [4].
Second, no “chirality-flipping” Dirac gluino t-channel ex-
change diagrams exist, and thus several subprocesses for
squark production simply vanish. Third, the remaining
squark production subprocess amplitudes are suppressed
by |p|/M2g˜ , where |p| is the typical momentum exchanged
through the Dirac gluino. For a heavier Dirac gluino
(Mg˜ & 2-3 TeV), this significantly suppresses t-channel
gluino exchange to the point where it is subdominant
to the gluino-independent squark–anti-squark production
processes [3].
Dirac gaugino masses have been considered long ago
[5–7] and have inspired more recent model building [4,
8–24] and phenomenology [3, 25–58]. As beautiful as
Dirac gauginos may be, there are two objections that are
sometimes raised:
• Supersymmetry-breaking sectors do not generically
have F -terms much smaller than D-terms. In the
absence of a specialized mediation sector that se-
questers the F -term contributions [9], we might ex-
pect both Dirac and Majorana masses to be gener-
ated (for example, [19]). Moreover, even if F -term
mediation is sequestered, gauginos do acquire Ma-
jorana masses through anomaly-mediation [59, 60].
• In the presence of a pure Dirac wino and bino,
the usual tree-level D-term quartic coupling for the
Higgs potential is not generated [4]. This requires
additional couplings to regenerate the quartic cou-
pling. While there are mechanisms to generate a
quartic in models with a pure Dirac gaugino mass
(see [51] in the context of R-symmetric supersym-
metry), it is obviously of interest to understand the
impact of electroweak gauginos acquiring Majorana
masses on squark production cross section limits.
In this context, we consider two generalizations of
Ref. [3]: (i) models with a “Mixed Gluino” that ac-
quires both Dirac and Majorana masses, and (ii) models
in which the electroweak gauginos acquire purely Majo-
rana masses, and contribute to squark production. As
we will see, both cases have surprising outcomes.
Our primary interest is to compare squark production
cross sections with mixed gauginos against the pure Dirac
and pure Majorana cases. Mixed gauginos were also con-
sidered in [29], where the main emphasis was on distin-
guishing the different types of gaugino masses well be-
fore the strong bounds on colored superpartner produc-
tion were set by the LHC collaborations. Our interest in
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this paper is largely orthogonal, examining in detail the
modifications to squark production when the gaugino is
heavy. We used MadGraph5 [61] to simulate squark pro-
duction at leading order (LO) for the LHC operating at
a center-of-mass energy of 8 TeV and 14 TeV using the
CTEQ6L1 parton distribution functions (PDFs). We did
not, however, incorporate next-to-leading-order (NLO)
corrections in our cross sections, for several reasons: first,
in some cases there is a large range of scales between the
squark mass and the gaugino mass, and unfortunately ex-
isting codes (Prospino 2.1 [62] and [63]) are not designed
to handle this. Second, to the best of our knowledge, the
NLO corrections for a Dirac gaugino as well as a mixed
gaugino have not been computed. This is an important
outstanding problem, but it is not the primary interest
of this paper. In much of the results presented below, we
consider ratios of production cross sections, where most
of the large NLO corrections are expected to cancel. We
do show some LO cross sections as a function of gaug-
ino mass, to better explain our results, however, in these
cases we are generally interested in the trend as a func-
tion of the gaugino mass rather than the precise cross
section values. The full NLO calculation would be in-
teresting to compute, but it is beyond the scope of this
paper.
II. MIXED GAUGINOS
“Mixed Gauginos” are, by definition, the Majorana
mass eigenstates of gauginos that acquire both a Dirac
mass with an adjoint fermion partner as well as Majorana
masses for the gluino, the adjoint fermion, or both. This
occurs when the supersymmetry-breaking hidden sector
contains superfields that acquire both F -type and D-type
supersymmetry-breaking vevs. Let us first write the op-
erators that lead to these contributions to the gaugino
masses, using the spurions X ≡ Fθ2 and W ′α ≡ D′θα. A
Majorana mass arises from the usual operator
cm
∫
d2θ
X
M
WαWα (1)
and a Dirac mass from [4]
cd
∫
d2θ
√
2
W ′α
M
Wαj Aj , (2)
where M is the mediation scale and Aj is a chiral super-
field in the adjoint representation of the relevant gauge
group of the Standard Model. Whether a gaugino ac-
quires a Dirac mass obviously depends on the existence
of a chiral adjoint to pair up with. There are additional
operators that can contribute to gaugino masses. The
chiral adjoint can acquire a Majorana mass through
cm′
∫
d4θ
1
2
X†
M
trAjAj + h.c. , (3)
familiar from the Giudice-Masiero mechanism for gener-
ating µ in the MSSM. Here we are assuming that the
adjoint fermion only acquires mass after supersymmetry
breaking, i.e., there is no “bare” contribution to its mass
in the superpotential.
Scalar masses can be generated by contact interactions∫
d4θ
X†X
M2
Q†Q ,
at the messenger scale, as well as the “soft” and “su-
persoft” contributions from Majorana and Dirac gaugi-
nos, respectively. In this paper, we neglect flavor mixing
among the squarks, since the existence of sizable Majo-
rana masses means we do not have R-symmetry to pro-
tect us against flavor-changing neutral currents [14].
Renormalization group evolution from the messenger
scale to the weak scale affects the relative size of the Dirac
and Majorana masses. Let us first define the Dirac mass,
the Majorana gaugino mass, and the Majorana adjoint
mass as
Md = cdD
′/M
Mm = cmF/M (4)
M ′m = cm′F
†/M .
All of these quantities are generated at the messenger
scale (possibly with additional hidden sector renormal-
ization [64]). For a gauge group i with beta function
coefficient bi and quadratic Casimir of the adjoint ci, the
Dirac operator receives significant RG effects (neglecting
Yukawa couplings) [4, 19]
Md(µ) = Md(M)×

(
µ
M
)−ciαi/(2pi)
for bi = 0(
αi(µ)
αi(M)
)(bi−2ci)/(2bi)
for bi 6= 0 .
(5)
We calculated the RG evolution of the Majorana adjoint
mass to be (again neglecting Yukawa couplings)
Mm′(µ) = Mm′(M)×

(
µ
M
)−ciαi/pi
for bi = 0(
αi(µ)
αi(M)
)−2ci/bi
for bi 6= 0
(6)
which can be obtained directly from the wavefunction
renormalization of the superpotential (and agrees with
resuming the RG equation given in Ref. [65] without
Yukawa couplings). The size of the RG evolution can
be substantial [19], but depends heavily on several as-
sumptions about the mediation as well as the particle
content of the model above the electroweak scale. These
“ultraviolet” (UV) issues will not be discussed further in
this paper.
III. MIXED GLUINO
Let us now specialize our discussion to a gluino that
acquires a Dirac and Majorana mass. All of what we
say below can also be straightforwardly applied to the
2
electroweak gauginos.1 Using Eq. (4), the resulting mass
terms for the gaugino and adjoint superfield are (in 2-
component language)
Lg˜mass =
(
g ψ
)( Mm Md
Md M
′
m
)(
g
ψ
)
+ h.c. (7)
where we have suppressed the SU(3)c color indices on
the fields. The relative size of the Dirac and Majorana
contributions are set by the coefficients of the operators
(evaluated at the weak scale). While we take the coeffi-
cients to be arbitrary, our main phenomenological inter-
est is the range Md Mm,M ′m to Md &Mm,M ′m.
From Eq. (7), the 2-component fermions g and ψ mix,
giving us the mass eigenstates of the gluino(
g1
g2
)
=
(
cos θg˜ sin θg˜
− sin θg˜ cos θg˜
)(
ψ
g
)
, (8)
where the mixing angle is given by
cos θg˜ =
√
1
2
(
1 +
Mm −M ′m√
(Mm −M ′m)2 + 4M2d
)1/2
. (9)
Diagonalizing the Lagrangian, Eq. (7), gives the two
eigenvalues that we write as −Mg˜1 and Mg˜2 respectively,
−Mg˜1 = 1
2
(
Mm +M
′
m −
√
(Mm −M ′m)2 + 4M2d
)
Mg˜2 =
1
2
(
Mm +M
′
m +
√
(Mm −M ′m)2 + 4M2d
)
(10)
We have chosen to define Mg˜1 to be the negative of
the eigenvalue of the mass matrix so that when M2d >
MmM
′
m, both Mg˜1 and Mg˜2 are positive. We could have
instead redefined the eigenstates to absorb this sign, how-
ever this would lead to proliferation of i’s in the following,
that we prefer to avoid.
The two familiar limits of these equations are now ev-
ident: For a pure Dirac gluino (Mm = 0), Mg˜1 = Mg˜2 =
Md, the mixing angle θg˜ = pi/4, and then the gluino
eigenstates are g1,2 = (g ± ψ)/
√
2. For a pure Majorana
gluino (Md = 0), the mixing angle θg˜ = 0, which means
the gluino and its adjoint fermion partner do not mix,
i.e., g1 = g, g2 = ψ. Consequently, Mg˜1 = Mm and
Mg˜2 = M
′
m.
The quark-gluino-squark interactions are given by
Lint =
−
√
2gs
(
u˜∗L,i t
a ga uL,i + d˜
∗
L,i t
a ga dL,i
− u˜∗R,i ta gauR,i − d˜∗R,i ta ga dR,i
)
+ h.c. (11)
1 There is an amusing subtlety involving charginos that acquire
“Dirac” masses (by this we mean charginos that acquire Dirac
masses by pairing up with additional fermions in the triplet rep-
resentation of SU(2)W ), that we relegate to App. B.
where the index i runs over each quark generation and the
squark color indices have been suppressed. Expanding
using Eq. (8), this becomes
−Lint/
√
2gs =
+ u˜∗L,i t
a g1,a cos θg˜ uL,i + u˜
∗
L,i t
a g2,a sin θg˜ uL,i
+ d˜∗L,i t
a g1,a cos θg˜ dL,i + d˜
∗
L,i t
a g2,a sin θg˜ dL,i
− u˜∗R,i ta g1,a cos θg˜ uR,i − u˜∗R,i ta g2,a sin θg˜ uR,i
− d˜∗R,i ta g1,a cos θg˜ dR,i − d˜∗R,i ta g2,a sin θg˜ dR,i
+ h.c. (12)
This is the form of the interaction Lagrangian most useful
for our phenomenological study.
In order to understand the implications of a mixed
gluino arising from both a Dirac and a Majorana mass,
we first need to parameterize the mixing in a way relevant
to our collider study. There are two distinct effects when
simultaneously varying Md, Mm, and M
′
m: the coupling
constants to the squarks and quarks change, according to
Eq. (12), and the masses of the gluino eigenstates change,
according to Eq. (10). This leads to changes in both the
dynamics (the coupling constants) and the kinematics
(the gluino masses) of the squark production cross sec-
tions. We are interested in separating these effects, to
the extent possible.
A. Review of pure Dirac gluinos
Before embarking on our study of mixed gluinos, we
first want to review the effects of a pure Dirac gluino on
the various squark production processes. The relevant
squark production processes include2 pp→ q˜L,Rq˜L,R and
pp → q˜L,Rq˜∗L,R. Fig. 1 shows the relative contributions
of these two production modes for different (pure Dirac)
gluino masses, depicted by the solid curves. The domi-
nant effects of t-channel gluino exchange impact just the
first generation of squarks. However, since a common
simplified model that ATLAS and CMS use in quoting
bounds is to sum over all squarks of the first two genera-
tions assuming the flavors and chiralities are degenerate
in mass, we do this also. The lightest supersymmetric
particle (LSP) is taken to be a neutral particle odd un-
der R-parity. The gravitino is one possibility, though as
we will see, a Majorana bino is another distinct possibil-
ity.
At low squark masses, 400 GeV (Fig. 1a), the pro-
duction cross section is heavily dominated by squark-
antisquark production with quarks or gluons in the initial
state. This is because squark pair production through
t-channel (Dirac) gluino exchange can only yield pp →
q˜Lq˜R; the other processes (LL,RR) are absent. As
2 The third combination, antisquark-antisquark production, can
be ignored since its rate is highly suppressed by PDFs.
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FIG. 1: Comparing the squark pair production cross section (red) against squark–anti-squark production cross
section (green) summing over the first two generations of squarks with masses of 400, 800 and 1200 GeV. The solid
lines denote the case in which the Majorana masses vanish (Mm = M
′
m = 0), so the x-axis corresponds to a pure
Dirac gluino mass. At low squark masses, squark-anti-squark production through an s-channel gluon that dominates
over the t-channel gluino-mediated squark-squark production. However, for mq˜ = 800, 1200 GeV we find that
squark-squark production dominates up to Md ' 2, 3.5 TeV. The dotted lines depict the behavior when the Dirac
mass vanishes (Md = 0), with the x-axis corresponding to a pure Majorana mass. Only at a very low squark mass of
400 GeV does squark–anti-squark production dominate. For higher squark masses 800 and 1200 GeV, squark pair
production dominates for all gluino masses. This is due to t-channel mediated same-handed squark production,
which was absent in the case of a pure Dirac gluino.
the squark mass is increased, the modes q˜L/R, q˜
∗
L/R and
q˜L, q˜R become comparable to each other. For Mq˜ =
800 GeV, this occurs for Dirac gluino masses near '
2 TeV, as shown in Fig. 1b. In other words, the gluino t-
channel exchange diagrams of squark pair production are
not as suppressed in this range. Considering even larger
squark masses, Mq˜ = 1200 GeV, we find squark pair pro-
duction becomes comparable to squark–anti-squark pro-
duction for a (Dirac) gluino mass ' 4 TeV, shown in
Fig. 1c.
The dashed lines in Fig. 1 depict the two production
modes for a pure Majorana gluino. At a low squark
mass of 400 GeV, squark–anti-squark production dom-
inates the cross section for gluino masses greater than
∼ 2 TeV, while for Mq˜ = 800 GeV and Mq˜ = 1200 GeV,
squark pair production dominates for all gluino masses
shown in the figures. This is because t-channel produc-
tion of same-handed squark production is the dominant
production mode for these masses and energies with a
Majorana gluino.
B. Case I: M ′m = 0
First, we consider the scenario M ′m = 0, Mm .Md. In
this Case, we can simplify the expressions for the masses
and mixing angle of the mixed gluino:
−Mg˜1 = 1
2
(
Mm −
√
M2m + 4M
2
d
)
(13)
Mg˜2 =
1
2
(
Mm +
√
M2m + 4M
2
d
)
(14)
cos θg˜ =
√
Mg˜2
Mg˜2 +Mg˜1
. (15)
Next, to separate the “kinematics” from the “dynam-
ics”, we take the parameterization where we hold the
mass eigenvalue of the lightest gluino, Mg˜1, fixed, while
varying the ratio x ≡Mm/Md. This gives two Majorana
gluinos with masses Mg˜1 and Mg˜2 with mass difference
given by Mg˜2−Mg˜1 = Mm. In the case x < 1, the mixing
angle is in the range 1/
√
2 < cos θg˜ . 0.85. The mass
spectrum is illustrated in Fig. 2a.
To explore a wider range of mixing angles, 0.85 .
cos θg˜ ≤ 1, the parameter x  1, that corresponds to
Mm  Md. In this regime, we get the usual see-saw
formula, familiar from neutrino physics, for the mass of
the lightest gluino eigenstate, ' M2d/Mm. Here, how-
ever, the lighter mass eigenstate decouples from squarks
and quarks, while it is the heavier nearly pure Majorana
gluino eigenstate that maximally couples. Without ad-
justing our basic premise – hold the kinematics constant
– there is no way to enter this regime of parameters with-
out taking the Majorana mass for the gluino unnaturally
large.
1. Cross sections across parameter space
Our first foray into the behavior of the squark cross
sections is shown in Fig. 3 that contains contour plots in
the (Mg˜1, x (= Mm/Md)) space. On the x-axis is the
eigenvalue of the lighter of the gluino eigenstates, and on
the y-axis is the mixed nature of the gauginos, parame-
terized by Mm/Md. The contours on the right show the
production cross sections summing over all combinations
of squarks and antisquarks of the first and second gen-
erations, and the contours on the left show the ratios of
these cross sections to their equivalents in the scenario of
a Majorana gluino with the same mass as Mg˜1. To illus-
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FIG. 2: The method we employ for adding Majorana masses Mm,M
′
m to the supersoft Dirac mass Md of a gaugino.
The lower eigenvalue Mg˜1 is kept constant as Mm/Md or M
′
m/Md is varied.
trate the differences as the squark mass is increased, the
three pairs of plots show three different squark masses:
400, 800 and 1200 GeV.
There are several interesting features shown in Fig. 3.
Holding the lightest gluino eigenmass constant, we see
that the squark production cross section decreases as a
Majorana mass Mm is introduced. This we explore in
detail below. Next, we see distinctly different rates of
variation in the cross sections across the three plots. At
Mq˜ = 1200 GeV (Fig. 3f) the cross section falls by an
order of magnitude as Mg˜1 goes from 1 to 4 TeV, after
which it is roughly constant, whereas for squark masses
400 GeV (Fig. 3b) and 800 GeV (Fig. 3d) we find much
less variation: the cross section drops by a factor of a few
as Mg˜1 is increased from 1 to 2 TeV, and then asymp-
totes to a fixed value. The larger variation is present be-
cause, as we saw earlier, for larger squark masses, the s-
channel squark—anti-squark cross section becomes more
competitive with the t-channel gluino exchange induced
squark-squark production processes. It is this competi-
tion between the two leading modes for gluino masses
below ∼ 4 TeV that results in the larger rate of variation
of the cross section in that region in Fig. 3f. The domi-
nation of squark-antisquark production for gluino masses
above 4 TeV results in the constancy of the cross section
observed in the right end of the plot.
We now turn our attention to the plots on the left,
depicting contours of the ratios of the corresponding
cross sections on the right to those of a pure Majorana
gluino with a mass the same as Mg˜1. To understand
the features of these plots, we will have to consider the
competition between three different modes: squark–anti-
squark production, same-handed squark pair production
and opposite-handed squark pair production. Two dis-
tinctive features seen here are (i) at a low squark mass of
400 GeV, the ratio increases as we move horizontally to
the right, as shown in Fig. 3a, (ii) at higher squark masses
of 800 and 1200 GeV, the ratio first decreases and then
increases as we move in the horizontal direction, with the
local minimum shifting to the right as Mq˜ is increased,
as shown in Figs. 3c and 3e.
The first feature is a result of the same mechanism
that results in the lack of variation in Fig. 3b. The
squark–anti-squark production dominates over squark-
squark production for a large range of gluino masses at
Mq˜ = 400 GeV, and as Mg˜1 is increased, this domina-
tion increases for both a Majorana and a mixed gluino
(with the domination in the Majorana case weaker) as
we saw earlier in Fig. 1a. Hence we observe a uniform
increase in the ratio, seen to approach unity. The sec-
ond feature can be understood in terms of Figs. 1b and
1c. In Fig. 1b, for instance, we notice that near the left
extreme (Mg˜1 ∼ 1 TeV), the Majorana cross section is
dominated by squark pair production and the Dirac cross
section gets nearly equal contributions from both squark–
anti-squark and squark pair production. Near the right
extreme (Mg˜1 ∼ 5 TeV), the dominant mode of Majo-
rana cross section has fallen and the total cross section
has near-equal contributions from both modes, while the
Dirac cross section, dominated strongly by squark–anti-
squark production, is now comparable to either mode of
the Majorana case. At either extreme, the total Dirac
cross section is able to catch up to an extent with the to-
tal Majorana cross section, for different reasons. In the
intermediary mass range, however, the Dirac cross sec-
tion, dominated by only squark–anti-squark production,
is much smaller than the Majorana case. This argument
can be extended to mixed gluinos as well, and hence the
local minimum observed in Fig. 3c. The above discussion
applies also to Fig. 3e, except that, as seen in Fig. 1c, the
Dirac cross section catches up with the Majorana at even
higher gluino masses. This results in the rightward shift
compared to the Mq˜ = 800 GeV case in the local mini-
mum.
If we now move vertically anywhere in Fig. 3f, or for
gluino masses below 2 TeV in Figs. 3b and 3d, we ob-
serve a drop in cross section. We notice the same for the
contours of the ratios of cross sections, i.e., Figs. 3a, 3c
and 3e. This may seem counter to what we would expect
when increasing the Majorana content of the model. The
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(f) Mq˜ = 1200 GeV: cross sections
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FIG. 3: Plots illustrating Case I. LEFT: Contours of the ratio of the total production cross section of the first two
generations of squarks at LHC with
√
s = 8 TeV in our model to the cross sections in MSSM. RIGHT: Contours of
the cross sections themselves (at leading order), in pb, at LHC with
√
s = 8 TeV. In these plots, we show the
variation as the lightest gaugino mass (Mg˜1) is varied simultaneous with varying the relative size of the Mm and Md,
parameterized by x = Mm/Md. The details of the critical features are explained in the text.
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FIG. 4: Cross sections of the various unique modes that constitute up squark production when M ′m is set to zero.
The blue curves show these as a function x = Mm/Md, while the dashed red horizontal lines denote the
corresponding cross section for the case of a pure Majorana gluino of the same mass as Mg˜1. Here the squark mass
Mu˜ is 1200 GeV and the mass of the lighter gluino eigenstate Mg˜1 is 5 TeV.
reasons for the reduction would become clear were we to
investigate the physics of each individual subprocess sep-
arately.
2. Individual modes
Let us now consider primarily the gluino t-channel
pair-production of squarks with quarks in the initial
state. A Feynman diagram depicting this channel is
shown in Fig. 9. No arrows and labels are shown, which
allows us to keep the discussion as generic as possible at
this point. Let us first divide pair production into six
distinct possibilities:
(i) q˜L, q˜L or q˜R, q˜R
(ii) q˜∗L, q˜L or q˜
∗
R, q˜R
(iii) q˜∗L, q˜
∗
L or q˜
∗
Rq˜
∗
R
(iv) q˜L, q˜R
(v) q˜L, q˜
∗
R or q˜R, q˜
∗
L
(vi) q˜∗L, q˜
∗
R
In Fig. 4, we illustrate the physics behind each of these
modes with a single flavor: up squarks. Here the squark
mass is taken as 1200 GeV and the absolute mass of the
lighter gluino eigenstate |Mg˜1| = 5 TeV while the heavier
eigenvalue, Mg˜2, is varied. These are illustrative values,
to gain intuition for the effects of varying x = Mm/Md
on the cross sections of the individual modes. In this
section, we state the results obtained, leaving the detailed
behavior of the analytic expressions of certain amplitudes
to App. A.
(i) u˜L, u˜L
The cross section increases from zero and saturates
at a value far below the Majorana cross section as x =
Mm/Md is increased, as shown in Fig. 4a. The amplitude
is written in App. A, where we find that it is suppressed
by p2/M3g˜1 (times a function of x that becomes just one
power x for small values), considerably smaller than the
naive result of 1/Mg˜1. Moreover, at larger x ' 1, the
amplitude is not scaling with x. This is due to the light-
est gaugino eigenstate becoming increasingly the adjoint
fermion, which does not couple to quarks and squarks.
(ii) u˜∗L, u˜L
The dominant contribution to this diagram is produc-
tion via an s-channel gluon. In Fig. 4b we see a nearly
unvarying cross section as we increase x as shown by the
the blue line. Since the sub-dominant t-channel gluino
diagram is negligible, we find that the cross section val-
ues nearly coincides with the pure Majorana case.
(iii) u˜∗L, u˜
∗
L
The physical principles are the same as (i), hence the
similar trends observed in Fig. 4c. However, the cross
section values are much smaller since the PDF effects of
anti-up quarks cause to suppress this mode.
(iv) u˜L, u˜R
The amplitude, and hence the cross section, turns out
to be numerically the same for the cases of pure Majorana
and pure Dirac gluinos. This is reflected in Fig. 4d, where
the blue and red curves intersect at x = 0. As x is
increased to 1, however, the cross section decreases to
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(f) Mq˜ = 1200 GeV: cross sections
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FIG. 5: Plots illustrating Case II. LEFT: Contours of the ratio of the total production cross section of the first two
generations of squarks at LHC with
√
s = 8 TeV in our model to the cross sections in MSSM. RIGHT: Contours of
the cross sections themselves (at leading order), in pb, at LHC with
√
s = 8 TeV. Here we have taken Mm = M
′
m,
and we show the variation as the lightest gaugino mass (Mg˜1) is varied simultaneous with varying Mm = M
′
m and
Md, parameterized by x = 2Mm/Md = 2M
′
m/Md. The critical features are explained in the text.
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FIG. 6: cross sections of the various unique modes that constitute up squark production when M ′m and Mm are set
equal. The blue curves show these as a function x = 2Mm/Md = 2M
′
m/Md, while the dashed red horizontal lines
denote the corresponding cross section for the case of a pure Majorana gluino of the same mass as Mg˜1. Here the
squark mass Mu˜ is 1200 GeV and the mass of the lighter gluino eigenstate Mg˜1 is 5 TeV.
roughly 1/13 of the cross section of the pure Majorana
case. This is evident in the form of the amplitude shown
analytically in App. A. As we will see shortly, this is
important in understanding the features of Fig. 3.
(v) u˜L, u˜
∗
R
The physics here is identical to cases (i) and (iii), ex-
cept for the suppressing effect of excavating a sea anti-
quark from one of the protons. The effect is a decreased
cross section as reflected in Fig. 4e.
(vi) u˜∗L, u˜
∗
R
Conceptually similar to case (iv), this production
mode suffers from PDF suppression, resulting in the
lowered cross sections seen in Fig. 4f.
We can now answer the question posed at the end of
Sec. III A, on why the total cross section of squark pro-
duction declines despite an addition of Majorana content.
We find that an increase in cross section of the pairs
(q˜L, q˜L), (q˜R, q˜R), (q˜L, q˜
∗
R), (q˜R, q˜
∗
L), (q˜
∗
L, q˜
∗
L), (q˜
∗
R, q˜
∗
R) – as
expected when departing from a pure Dirac scenario – is
less relevant in comparison to the decrease in cross sec-
tion of the pairs (q˜L, q˜R), (q˜L, q˜
∗
L), (q˜R, q˜
∗
R) – due to var-
ious kinds of kinematic suppression as discussed in this
section.
The analysis above shows that in addition to the sup-
pression from the operator dimension (relative domi-
nance of dim-5 or dim-6) and the kinematics, the third
factor that is essential to determine the cross section
trends is the PDFs. Thus the trends for individual modes
would be identical for down squarks except for the ef-
fects of PDF suppression. As for the second generation
of squarks, the far smaller PDFs of the corresponding sec-
ond generation quarks in the proton render most modes
negligible, with the only sizeable contribution coming
from (q˜L, q˜
∗
L) and (q˜R, q˜
∗
R), which proceed through an
s-channel gluon. Therefore we see that the principal dif-
ference between the first and second generations is that
t-channel gluino mediation exhibits non-trivial behavior
in the former, while it is practically absent in the latter.
C. Case II: Mm = M
′
m, x = 2Mm/Md = 2M
′
m/Md
In this scenario, the two gluino mass eigenstates have
masses −Mg˜1 = Mm −Md, Mg˜2 = Mm + Md, and the
mixing between the states is maximal (cos θg˜ = 1/
√
2)
independent of Mm, M
′
m and Md. We consider the mod-
ification resulting from the Majorana content of gluino
in the same way as the previous section, with the corre-
sponding results shown in Fig. 5. However, since both
Majorana masses are nonzero, the difference between
the eigenvalues Mg˜2 −Mg˜1 = 2Mm (as opposed to just
Mg˜2 − Mg˜1 = Mm in Case I and Mg˜2 − Mg˜1 = M ′m
in Case III). In order to make an direct comparison
of the mixing effects to Cases I and III, while holding
the kinematics approximately equivalent, we define x as
x = 2Mm/Md = 2M
′
m/Md.
The features shown in Fig. 5 are in many ways simi-
lar to those of Case I. For instance, in the cross section
contours on the right, we see little variation moving hori-
zontally direction at high Mg˜1 for squark masses 400 and
800 GeV (Figs. 5b and 5d), for the same reasons as be-
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(f) Mq˜ = 1200 GeV: cross sections
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FIG. 7: Plots illustrating Case III. LEFT: Contours of the ratio of the total production cross section of the first two
generations of squarks at LHC with
√
s = 8 TeV in our model to the cross sections in MSSM. RIGHT: Contours of
the cross sections themselves (at leading order), in pb, at LHC with
√
s = 8 TeV. We show the variation as the
lightest gaugino mass (Mg˜1) is varied simultaneous with varying M
′
m and Md, parameterized by x
′ = M ′m/Md. The
critical features are explained in the text.
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FIG. 8: cross sections of the various unique modes that constitute up squark production when Mm is set to zero.
The blue curves show these as a function x = Mm/Md, while the dashed red horizontal lines denote the
corresponding cross section for the case of a pure Majorana gluino of the same mass as Mg˜1. Here the squark mass
Mu˜ is 1200 GeV and the mass of the lighter gluino eigenstate Mg˜1 is 5 TeV.
g2
+
g1
FIG. 9: General Feynman diagrams (without arrows)
for t-channel gluino-mediated squark production. The
solid lines (initial state) may be labeled with all
combinations from the quark fields qL, q
†
L, qR, q
†
R, and
the dashed lines (final state) with the corresponding
squark fields q˜L, q˜
∗
L, q˜R, q˜
∗
R.
fore. We also notice the local minimum in Figs. 5c and
5e shifts to the right as we go from Mq˜ = 800 GeV to
Mq˜ = 1200 GeV. Notice that, in all the plots, the values
of the cross sections and ratios are identical to Case I
along x=0, since they correspond to a pure Dirac gluino
in either case.
The main differences between Cases I and II are seen
when we move vertically in the contour plots. Whereas
previously the cross section was seen to uniformly de-
crease as x = Mm/Md was increased, we now notice that
it first decreases and then increases, a trend particularly
pronounced for Mq˜ = 800 GeV and 1200 GeV, as seen
in Figs. 5c-5f. This feature can again by understood in
terms of the individual subprocesses, which are given in
the plots of Figs. 6.
In Case I, we saw that the subprocess setting the to-
tal cross section was the production mode q˜Lq˜R, which
decreased by roughly an order of magnitude as x was
increased from 0 to 1. Even though the modes (q˜Lq˜L,
q˜Rq˜R, q˜Lq˜
∗
R) increased in the same range, their values
never caught up with the opposite-handed squark pair
production. This is not the situation here. Figs. 6a and
6e show that although the same-handed modes begin at
zero cross section, they overtake opposite-handed modes
at around x = 0.2, bolstering the total production.
D. Case III: Mm = 0, x
′ = M ′m/Md
Lastly, we consider the scenario Mm = 0, M
′
m .
Md. In this Case, the simplified expressions for the
11
masses in Eqs. (13)-(14) carry over here with the replace-
ment Mm ↔ M ′m, while the mixing angle is cos θg˜ =√
Mg˜1/(Mg˜1 +Mg˜2). This means that the relevant mix-
ing angle ranges are switched, with cos θg˜ varying from
1/
√
2 to 0.53 and sin θg˜ from 1/
√
2 to 0.85 as x′ =
M ′m/Md is varied from 0 to 1. Hence the lighter eigen-
state is more of the gluino, and the heavier eigenstate
more of the adjoint fermion. If x′ were to be taken to
infinity, cos θg˜ → 0 and the heavier eigenstate decouples,
recovering the MSSM pure Majorana gluino limit.
Therefore, we expect the cross section to increase as
x′ is increased from 0 to 1. This is exactly the trend
we notice in the plots of Fig. 7, corresponding to this
case. The features of the contours here are very similar
to those of Case II when we move horizontally across the
plots, and the physical reasons are the same. The differ-
ence is in the variation in the vertical direction; the cross
sections uniformly increase whereas previously there was
a decrease followed by an increase.
Once again we may understand such a trend by in-
specting the individual production modes, shown in
Fig. 8. The same-handed squark pair production modes
catch up with and overtake their opposite-handed equiv-
alents at small x′, while the q˜Lq˜R cross section remains
nearly constant.
IV. MIXED ELECTROWEAK GAUGINOS
We now turn to the effects of electroweak gauginos on
squark production. We assume Higgsino-quark-squark
couplings are negligible and thus can ignore t-channel
Higgsino mediation of squark production. This leaves
us with only winos and binos, specifically two neutrali-
nos and one chargino. The particle content and the ef-
fects on the squark cross sections depend on whether the
electroweak gauginos acquire Dirac, Majorana, or mixed
gaugino masses.
There is one new squark production subprocess, pp→
u˜Ld˜L, that proceeds through t-channel exchange of a
chargino. Regardless of the wino’s Majorana and Dirac
content, the chargino is obviously a Dirac fermion. How-
ever, this subprocess is absent in pure supersoft models.
We have provided a discussion on this in App. B.
For general mixed (Dirac and Majorana) neutralinos
and a mixed chargino, there is a large parameter space
that could be considered. Here we focus on a particular
case – pure Majorana electroweak gauginos in interfer-
ence with a purely Dirac gluino. As pointed out in [4],
an explicit Majorana mass for the U(1) and SU(2) gaugi-
nos implies there is no suppression of the quartic coupling
of the Higgs potential. Moreover, we expect that purely
Majorana electroweak masses will yield the largest effects
on first generation squark production cross sections, and
thus bound what can happen in a general model.
We are primarily interested in bino and/or wino masses
at which there is a noticeable departure from the “QCD-
only” (i.e., mediated by gluons or gluinos) cross section,
σQCD. We characterize this by finding the total cross sec-
tion for a given squark mass within a range of bino and
wino masses. In this section we have taken the gluino
to have a sufficiently large purely Dirac mass so that
σQCD is comprised dominantly of just s-channel gluon-
mediated squark–anti-squark production. For concrete-
ness, we took Mg˜ = 5 TeV, though the precise value is
irrelevant here. Of course at much lower Dirac gluino
masses, t-channel squark-squark production eventually
dominates, but this merely weakens the impact of t-
channel electroweakino interference.
We find that the largest effect of electroweakinos on
the total squark production cross section occurs when
the squark mass is near the Majorana electroweakino
mass. The explanation becomes apparent when we con-
sider these two observations:
1. Previously, when the neutralinos and charginos
were turned off, the cross section at 5 TeV gluino
mass was dominated by (a) gluon fusion diagrams
producing squark-antisquark at low squark masses
(300 to ∼ 700 GeV), (b) both q˜∗q˜ production and
t-channel gluino diagrams producing q˜Lq˜R at high
squark masses (∼ 800 to 1200 GeV).
2. As we know from the discussion under (i) in
Sec. III B 2, the coefficient of the Weyl spinors in
the amplitude for a t-channel exchange diagram for
same-handed squark production is
g2f
Mf
t−M2f
where Mf and gf are the mass and chargino-
squark-quark coupling of the fermion (gaugino) re-
spectively. One can see that, as a function of Mf ,
this expression is at its maximum when M2f = −t,
where it becomes
g2f
1
2
√
t
Moreover, if β is an arbitrary real number, both
Mf = β
√
t and Mf = β
−1√t are fermion masses
that confer the same value to the amplitude,
g2f
β
1 + β2
1√
t
This leads to an effect on the cross section that is
symmetric with respect to Mf → 1/Mf , as we will
see.
Opposite-handed squark production, however, has a
different expression for the co-efficient of the spinors in
the amplitude:
g2f
p · σ
t−M2f
where the spinor indices are suppressed. The maximum
of this expression is achieved when Mf → 0, at which
point it tends to g2f (p · σ)/t.
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One might be concerned about the possible existence
of a t-channel pole if t were to approach M2f . However,
upon integrating the total cross section between −1 <
cos θ < 1, corresponding to t over the range
t− < t < t+ (16)
t± =
1
2
(
−s±
√
s2 − 4sM2q˜
)
+M2q˜ .
It is clear that t is negative definite, and moreover, ap-
proaches a small (negative) value only when s is large.
The required large s means there is substantial suppres-
sion of the integrated cross section in the integration re-
gion where t ' t+ is small. Hence, the case of Mf → 0
does lead to a divergent contribution to the squark pro-
duction rate.
Now these observations can be put together when re-
flecting on what happens when Majorana winos and/or
binos are turned on. We define σQCD as the total cross
section when squark production is QCD-only and σQECD
as the cross section when it is mediated by winos, binos,
and gluinos. Table I provides information on the elec-
troweakino mediation of the individual modes.
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FIG. 10: Impact of electroweakinos at their maximal
electroweakino interference (MEI) values, where the
Majorana wino mass is equal to the squark mass. The
MEI value establishes the upper bound in cross section
on the impact of electroweakino on the QCD-only pure
Dirac gluino scenario. In this plot, green: both
electroweakinos are at their MEI values, red: the wino
is pure Majorana with MW˜ = Mq˜, blue: the bino is
pure Majorana with MB˜ = Mq˜, and the gluino mass is
5 TeV. These curves show that at the MEI values, the
wino is more responsible than the bino for maximizing
the cross section by virtue of its stronger couplings.
A. Maximal electroweakino interference (MEI)
The cross section for q˜Lq˜L production reaches its max-
imal value when the wino, which couples only to left-
handed squarks, has a mass MW˜ =
√
t. Similarly, the
cross section of q˜Rq˜R production reaches its maximal
value when the mass of the bino is also at MB˜ = Mq˜. If
these sub-processes dominate over the QCD-only squark
production, we may have a significant increase in σQECD.
We call this Maximal Electroweak Interference (MEI).
Indeed, these two individually overtake q˜Lq˜R production,
which is the leading sub-process at high squark masses in
a QCD-only picture. The enhancement to q˜Lq˜L is larger
than q˜Rq˜R since the wino couples more strongly to quarks
and squarks than the bino.
In Fig. 10, we show the maximum deviation from
σQCD, represented by the ratio σQECD/σQCD, when
both the bino and wino have masses at their Mq˜-
dependent MEI values. As expected, the greatest de-
partures are observed at high squark masses. Two other
scenarios are also shown: (i) a Majorana bino at the MEI
value with a Dirac wino (blue), (ii) a Majorana wino at
the MEI value with a Dirac bino (red). From these we
see that the wino, despite coupling only to left-handed
squarks, dominates the increase in the total cross sec-
tion.
wino bino
ui,L; u˜i,L g/
√
2 g′/3
√
2
di,L; d˜i,L −g/
√
2 g′/3
√
2
ui,R; u˜i,R 0 −4g′/3
√
2
di,R; d˜i,R 0 2g
′/3
√
2
Mode Wino Bino
q˜Lq˜L X X
q˜Rq˜R X X
q˜Lq˜
∗
L X X
q˜Rq˜
∗
R X X
q˜∗Lq˜
∗
L X X
q˜∗Rq˜
∗
R X X
q˜Lq˜R X X
q˜Lq˜
∗
R X X
q˜∗Lq˜R X X
q˜∗Lq˜
∗
R X X
TABLE I: (a) Quark-squark-electroweakino couplings of
the wino and the bino for different chiralities. The
index i runs over quark generation; (b) Categorizing the
distinct individual subprocesses of squark production
mediated by the wino and bino. The wino participates
in only the left-handed (anti-)squark production, yet
dominates the increase in the total cross section.
The contour plot in Fig. 11 shows ratios of the
cross sections with and without electroweakino impact,
σQECD/σQCD, and spans the parameter space in its most
interesting district, that is, where the masses of the bino
and wino are in the neighborhood of the squark mass.
Specifically, we vary the neutralino or chargino mass in
the range {0.1Mq˜, 10Mq˜}. The symmetry spoken of in
our second observation, namely, the amplitudes for same-
handed squark production are identical when Mf/Mq˜ is
the same as Mq˜/Mf , is reflected in the near-mirror sym-
metry of the contours in Fig. 11.
Once again we perceive that the region where the
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FIG. 11: Contours showing the impact of electroweak
gauginos when both the Majorana wino and Majorana
bino masses are within an order of magnitude of their
MEI values. The peaks are values of σQECD/σQCD.
The gluino mass here is 5 TeV.
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FIG. 12: Regions of domination: a different look at the
plot in Fig. 11. The ratio MW˜ /Mq˜ = MB˜/Mq˜ is
represented by the colors and the code is (green: 1;
black: 0.5; blue: 0.2; red: 0.1). The final state of
production is given by the constitution of the line, the
code being (solid: q˜i,L, q˜
∗
i,L and q˜i,R, q˜
∗
i,R; dot-dashed:
q˜i,L, q˜j,L and q˜i,R, q˜j,R; dashed: q˜i,L, q˜j,R). The gluino
mass here is 5 TeV.
squark mass is high and the electroweak gaugino masses
are close to the squark mass (by a factor of 2) is where
the colored superpartner production cross section is most
enhanced compared to a pure Dirac gluino. Different re-
gions of the contour plot of Fig. 11 are dominated in cross
section by the production of different final states. Fig. 12
is a representation of these relative effects. The ratio
σ(mode)/σ(total) is plotted against squark mass for three
different kinds of final state modes: (i) same-handed
squark-antisquark (solid lines), (ii) same-handed squark-
squark (dash-dotted), and (iii) opposite-handed squark-
squark (dashed). The color code is (green, black, blue,
red) = (1, 0.5, 0.2, 0.1) where the numbers on the RHS
are the ratios of the weak gaugino mass to the squark
mass. The green curves show that as the squark mass ex-
ceeds a TeV, the contribution of the same-handed squark
production surpasses the same-handed squark-antisquark
production. As MW˜ = MB˜ is lowered (that is, as red is
approached), the final states q˜Lq˜
∗
L and q˜Rq˜
∗
R dominate
the cross section irrespective of the squark mass. These
subprocesses, as seen before, occur chiefly through an s-
channel gluon with the initial state as two gluons or a
quark and an antiquark.
V. RECASTING LHC LIMITS
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FIG. 13: The 8 TeV cross sections at leading order of
scenarios with a pure Dirac gluino (black) and
electroweakinos at their MEI values (blue) intersect
with the exclusion cross section set by the multijet plus
missing energy search (red) [2], which gives us bounds
on the squark mass.
We now consider what our results imply for the su-
persymmetry search strategies at LHC. The CMS col-
laboration has provided exclusion cross section limits
on pair-produced first and second generation squarks at√
s = 8 TeV with 19.5 fb−1 of data in their “T2” sim-
plified model [2]. A similar simplified model, with the
gluino decoupled, has been subjected to a multijet plus
missing energy search analysis by the ATLAS collabora-
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FIG. 14: Constraints set by the multi-jet plus missing
energy search on the parameter space of our model.
Since we find in Fig. 13 that that the bound is set at
Mq˜ ≈ 800 GeV at an exclusion cross section ≈ 0.02 pb
(at leading order), we have included the contour of that
value for that squark mass. All three scenarios we have
considered are shown, using the appropriate contours
from Figs. 3d, 5d and 7d, and the space to the left of
each contour is excluded for the corresponding scenario.
Depending on the contour, the y-axis is interpreted as
x = Mm/Md or x = 2Mm/Md = 2M
′
m/Md or
x′ = M ′m/Md.
tion [1] obtaining similar bounds. We omit this from our
discussion since the CMS results provided rate bounds
throughout the Mq˜-MLSP plane.
The various cross sections obtained in our model are
compared against the exclusion cross sections of CMS
searches that were based on the search for new physics
in multijets and missing momentum final state at
√
s =
8 TeV and L = 19.5 fb−1 [2]. In all these analyses the
LSP is taken to be massless.
The limits obtained are Mq˜ ≥ 800 GeV for a Dirac-
gluino-only scenario and Mq˜ ≥ 925 GeV when both the
electroweakinos are at their MEI values. We get these
limits by checking where the CMS exclusion cross sec-
tions intersect the cross sections predicted by our mod-
els, as plotted in Fig. 13. It deserves to be mentioned
that the bound for a pure Dirac gluino case differs from
that found by the CMS collaboration (Mq˜ ≥ 840 GeV)
by a small margin. As a general comment we would like
to mention that such numerical differences in the bounds
of simplified models, particularly when a comparison is
made in a plot spanning four orders of magnitude (like
Fig. 13), are an inevitable consequence of the nature of
the CMS exclusion plots. The method of reading off cross
sections from color gradients makes it necessarily difficult
to pinpoint the values with great accuracy.
The pure Dirac gluino bound also enables us to set con-
straints on the parameter space of mixed gluinos. Since
the exclusion cross section at Mq˜ = 800 GeV is ∼ 0.02 pb
(at leading order), we can overlay the contours of differ-
ent mixed gluino scenarios corresponding to that cross
section. Fig. 14 shows this superimposition, and for each
scenario the parameter space to the left of the corre-
sponding contour is excluded.
VI. DISCUSSION
We found that a mixed gluino that acquires both a
Dirac mass and a Majorana mass solely for its gaug-
ino component (Mm 6= 0, M ′m = 0), is less constrained
from LHC searches than a pure Dirac gluino. This is be-
cause the lightest gluino eigenstate contains more of the
adjoint fermion partner that does not couple to quarks
and squarks, and thus further suppresses squark produc-
tion through t-channel exchange. This was shown in de-
tail by examining the individual squark production sub-
processes as a function of the Majorana mass.
A mixed gluino that acquires both a Dirac mass and
a Majorana mass for its adjoint fermion component
(Mm = 0, M
′
m 6= 0), or for both of its components
(Mm 6= 0, M ′m 6= 0), is slightly more constrained from
LHC searches than a pure Dirac gluino. This is be-
cause the lightest gluino eigenstate contains more of the
gaugino that does couple to quarks and squarks. How-
ever, the effect is not significant when the Majorana
masses are small compared with the Dirac mass, roughly
Mm,M
′
m . O(0.1)Md. Again, this was shown in de-
tail by examining the individual squark production sub-
processes as a function of the Majorana mass(es).
A model with a Dirac gluino and Majorana electroweak
gauginos that both contribute to squark production can
have modifications from the gluino-only cross section
by a factor of a few. The largest effect occurs at the
“maximal electroweakino interference” mass values of
M1,M2 ' Mq˜. As the electroweak gauginos become
larger or smaller than this value, their effect on squark
production becomes suppressed.
New candidates for the LSP are one of the conse-
quences of finding that light Majorana electroweak gaug-
inos not significantly affecting cross sections. In addition
to a gravitino LSP, we showed that a Majorana bino is
also perfectly viable since it does not significantly in-
crease squark production cross sections. One could also
contemplate a light Majorana wino, however this would
introduce new branching fractions of left-handed squarks
to winos.
We conclude by considering several new simplified
models could be studied and constrained (by the experi-
mental collaborations) that would capture the essentials
15
of these scenarios with mixed gauginos and electroweaki-
nos. It would be particularly insightful to study the sim-
plified models when not only the squarks but also the
gluino is relatively light, while the LSP mass is allowed
to vary. Here are several proposals:
1) Dirac gluino, several choices of LSP mass:
Cross section bounds in Mq˜ −MD plane; MLSP =
0, 200, 400 GeV.
2) Dirac gluino, several choices of gluino mass:
Cross section bounds in Mq˜−MLSP plane MD = 1-
3 TeV in steps of 0.5 TeV.
3) Mixed gluino, several choices of squark mass:
Cross section bounds in Mg˜1 − x plane for Cases
I,II,III; Mq˜ = 500-1000 GeV in steps of 100-
250 GeV, with a massless LSP.
4) Mixed gluino, several choices of LSP mass:
Cross section bounds in Mg˜1 − x plane for Cases
I,II,III; Mq˜ = 500, MLSP = 0, 200, 400 GeV.
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Appendix A: Individual modes
Here we describe the analytic behavior of the indi-
vidual subprocesses u˜Lu˜L and u˜Lu˜R that are critical in
understanding the results of Sec. III.
(a) u˜Lu˜L
This amplitude takes the form
−iT
g2CF
=
(
c2θg˜
Mg˜2
p2 +M2g˜2
+ s2θg˜
−Mg˜1
p2 +M2g˜1
)
uLuL
where CF (= 4/3) is the appropriate Casimir invariant,
uL is a 2-component spinor denoting an incoming left-
handed up quark with spinor indices suppressed, and the
second term on the RHS has a minus sign since the mass
of g˜1 is the negative of Mg˜1.
In Case I (M ′m = 0), using the expressions for the mix-
ing angle in Eq. (9), expanding the amplitude to leading
order in p2/M2g˜ , and then writing it in terms of Mg˜1 and
x = Mm/Md, we obtain
c2θg˜Mg˜2
p2 +M2g˜2
−
s2θg˜Mg˜1
p2 +M2g˜1
=
p2
M3g˜1
x
(√
x2 + 4− x
)3
+O(p4/M4g˜1) (A1)
In Case II (Mm = M
′
m), the mixing angle is fixed c
2
θg˜
=
1/2. Expanding the amplitude to leading order in p2/M2g˜ ,
and then writing it in terms of Mg˜1 and x = 2Mm/Md =
2M ′m/Md, we obtain
= − x
Mg˜1(x+ 2)
+
p2x3 + 12x
M3g˜1(x+ 2)
3
+O(p4/M4g˜1) (A2)
In Case III (Mm = 0), again using Eq. (9), expanding the
amplitude to leading order in p2/M2g˜ , and then writing
it in terms of Mg˜1 and x
′ = M ′m/Md, we obtain
= −x
′(x′ +
√
x′2 + 4)
2Mg˜1
+
p2x(x′2 + 2)(
√
x′2 + 4− x′)3
8M3g˜1
+O(p4/M4g˜1) (A3)
Clearly, all of these expressions vanish in the Dirac limit,
x→ 0. The key difference is how quickly each expression
turns on, and its asymptotic form as x gets large (by
which we mean near 1). For example, at small x, Case I
scales as p2x/M3g˜1 whereas Case II and III scale as x/Mg˜1.
This illustrates that Case I is further suppressed as the
Majorana mass Mm is turned on. As a second example,
when x = 1, Case I becomes −p2/M3g˜1, Case II becomes
−1/(2Mg˜1), and Case III becomes (1 −
√
5)/(2Mg˜1).
We have checked the the functional form of the squared
amplitudes agrees well with our results shown in
Figs. 4a, 6a and 8a. Finally, we can recover the heavy
pure Majorana case (the MSSM) where c2θ = 1 and
Mg˜1 = 0,Mg˜2 = 5000 GeV. In this case, the amplitude
becomes Mg˜2/(p
2 + M2g˜2) where g˜2 is interpreted as the
Majorana gluino. This is obviously suppressed by just
one power of the gluino mass, giving a large cross section
as indicated by the dashed red line in Figs. 4a, 6a and 8a.
(b) u˜Lu˜R
The amplitude for this subprocess is
−iT
g2CF
= uαL
(
c2θg˜
p · σαβ˙
p2 +M2g˜2
+ s2θg˜
p · σαβ˙
p2 +M2g˜1
)
(u†R)
β˙
(A4)
where u†R denotes an incoming right-handed up quark.
For |p| Mg˜, this amplitude is suppressed by 1/M2. In
Case I (M ′m = 0), using Eq. (9), expanding the amplitude
to leading order in p2/M2g˜ , and then writing in terms of
Mg˜1 and x = Mm/Md, we obtain
c2θg˜
p2 +M2g˜2
+
s2θg˜
p2 +M2g˜1
=
(x−√x2 + 4)2
4M2g˜1
+O(p2/M2g˜1) (A5)
and in Case II (Mm = M
′
m), writing in terms of x =
16
2Mm/Md = 2M
′
m/Md we obtain
c2θg˜
p2 +M2g˜2
+
s2θg˜
p2 +M2g˜1
=
x2 + 4
M2g˜1(x+ 2)
2
+O(p2/M2g˜1) (A6)
and in Case III (Mm = 0), writing in terms of x
′ =
M ′m/Md we obtain
c2θg˜
p2 +M2g˜2
+
s2θg˜
p2 +M2g˜1
=
(x′2 + 1)(x′ −√x′2 + 4)2
4M2g˜1
+O(p2/M2g˜1) . (A7)
These analytic expressions agree well with our results
shown in Figs. 4d, 6d, and 8d.
We observe in Fig. 4d that the cross sections for x = 0
and for the pure Majorana gluino are identical in this
mode. This is because in the pure Dirac case, s2θ = c
2
θ =
0.5 and Mg˜2 = Mg˜1 = M (say), rendering the co-efficient
of the spinors in the amplitude p ·σαβ˙/(p2 +M2), and in
the pure Majorana limit, c2θ = 1 and we once again have
p · σαβ˙/(p2 +M2) in the amplitude.
By inspecting the expressions in Eqs. (A1), (A2), (A3)
and comparing with their u˜Lu˜R counterparts, one can
also see that (i) in Case I, u˜Lu˜L never catches up with
u˜Lu˜R as x goes from 0 to 1, (ii) in Case II, it catches up
at about x = 0.2, and (iii) in Case III, it catches up at a
very small value of x. This is reflected in Figs. 4, 6 and
8 and hence in the respective contour plots.
Appendix B: “Dirac” Charginos
In this section we discuss the differences in the process
pp → u˜Ld˜L (and its equivalents for other generations)
for winos that acquire a Majorana mass versus winos
that acquire a Dirac mass. We note that some aspects of
“Dirac” charginos have been discussed previously in [41].
We are specifically interested in the mediation of this
process by t-channel charginos. In MSSM, this process is
shown in the Feynman diagram in Fig. 15(a). For mixed
models with both Dirac and Majorana wino masses, the
Feynman diagrams are given in Fig. 15(b).
The presence of the extra chargino can be understood
by studying the relevant mass terms in the Lagrangian,
given in Weyl notation by
Lw˜mass = 1
2
(
w ψ
)( Mˆm Mˆd
Mˆd Mˆ
′
m
)(
w
ψ
)
+ h.c. (B1)
where w is the wino, ψ is the triplet fermion partner, and
the hatted quantities are to distinguish from the analo-
gous parameters for the gluino. The notation is some-
what an abuse of notation, since the eigenvectors on the
left- and right-hand sides of the mass matrix are identical
uL
dL
λ+b
u˜L
d˜L
+
uL
dL
λ+a
u˜L
d˜L
uL
dL
λ+
u˜L
d˜L
(b) Mixed models
(a) MSSM
FIG. 15: Feynman diagrams for the process pp→ u˜Ld˜L
in MSSM and models with both Dirac and Majorana
gaugino masses.
for neutral components of the wino and triplet, whereas
the eigenvectors for the charged fields must involve op-
posite electric charge components that pair w+, ψ+ with
w−, ψ−. Also we have neglected the wino-Higgsino mix-
ings that arise after electroweak symmetry breaking in or-
der to simply understand the differences between a pure
Dirac wino and a mixed wino with regard to squark pro-
duction.
A mixed (Majorana and Dirac mass) neutral wino in-
teracts in a way completely analogous with the gluino.
The charged wino is distinct, since of course a chargino
is always a Dirac fermion. In the MSSM, the chargino
acquires a Dirac mass by pairing the two charged winos
λ± with the “Majorana” mass term M2(λ+λ−+ c.c.). In
models with a Dirac mass for the chargino, the charged
wino λ± acquires mass with a charged fermion partner
ψ∓. The mixing is analogous to the mixed gluino, where
now (
λ±a
λ±b
)
=
(
cos θw˜ sin θw˜
− sin θw˜ cos θw˜
)(
w±
ψ±
)
(B2)
with the same form of the mass eigenvalues and mixing
angles as Eqs. (10) and (9). Since the wino couples to
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quarks and squarks, while the triplet partner does not,
the usual wino interaction terms
L = −g2 (u˜∗L,iλ+dL,i + d˜∗L,iλ−uR,i) + h.c. (B3)
become
L = −g2 (u˜∗L,iλ+a cos θw˜ dL,i + u˜∗L,iλ+b sin θw˜ dL,i
+d˜∗L,iλ
−
a cos θw˜ uR,i + d˜
∗
L,iλ
−
b sin θw˜ uR,i) + h.c.
(B4)
Interestingly, in the pure Dirac mass limit where
Mˆm, Mˆ
′
m = 0, the mixing angles become maximal, and
then for the same reasons that qq → q˜Lq˜L vanishes for
a Dirac gluino, one can show that qq′ → q˜Lq˜′L vanishes
for a Dirac wino. We did not utilize this observation
in our studies, since our main focus was the interference
between Majorana wino and bino with a Dirac gluino.
Appendix C: 14 TeV extrapolation
In this appendix we extend our results to
√
s = 14 TeV
at the LHC. Given that the current LHC bound on
the squark mass is roughly 800 GeV (with a mass-
less LSP), we illustrate the
√
s = 14 TeV results for
Mq˜ = 1200 GeV. The contour plots in Fig. 16, pa-
rameterized analogously to those of Sec. III A, show the
changes one would observe for this squark mass. Specif-
ically, when compared to Figs. 3, 5 and 7, we find that
the cross sections and ratios increase for all three scenar-
ios. Moreover, at 14 TeV the s-channel gluon-mediated
diagrams producing squark–anti-squark dominate over
squark-squark production at all gluino masses shown in
the plots, which was not the case at
√
s = 8 TeV. This
implies that the features of the ratio and cross section
contours for Mq˜ = 1200 GeV at
√
s = 14 TeV resemble
their equivalents for, say, Mq˜ = 800 GeV at
√
s = 8 TeV,
and this is the trend observed in all of the plots in Fig. 16.
As for the impact of the mixed electroweak gaug-
inos, a comparison with the
√
s = 8 TeV LHC re-
sults is presented in Fig. 17, where the ratios of squark
production cross section at
√
s = 14 TeV to those at√
s = 8 TeV have been plotted. The green curve indi-
cates electroweakinos at their MEI values while the red
curve shows the QCD-only Dirac gluino case. The gluino
mass is again taken to be 5 TeV. Here again, we empha-
size that the MEI value is not a special point. It merely
sets an upper bound on the impact of electroweakinos on
a pure Dirac gluino scenario. We note two features: (a)
The ratios increase as the squark mass increases. This
happens because at
√
s = 14 TeV, the cross section is
dominated by squark–anti-squark production, unlike the
case at
√
s = 8 TeV, where at high squark masses there
is competition between squark–anti-squark and squark-
squark modes; (b) The green curve increases at a slower
rate with respect to squark mass than the red curve. The
impact of the electroweakinos on the total cross section
is by affecting t-channel (mainly left-handed) squark-
pair production, and such an impact would weaken as√
s is increased. This causes squark–anti-squark produc-
tion through gluon fusion diagrams and s-channel gluon-
mediated subprocesses to dominate. These features show
that the impact of the electroweakinos at their MEI val-
ues are expected to be much less for LHC operating at
14 TeV.
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(b) M ′m = 0: cross sections
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(c) Mm = M
′
m: ratios
0.2
0.25
0.35
0.3
0.175
0.225
0.275
0.325
0
.2
5
0
.3
0
.2
1 2 3 4 5
0.0
0.2
0.4
0.6
0.8
Mg1 HTeVL
x
=
M
m
M
d
=
M
m
'M
d
(d) Mm = M
′
m: cross sections
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(e) Mm = 0: ratios
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(f) Mm = 0: cross sections
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FIG. 16: LEFT: Contours of the ratio of the total production cross section of the first two generations of squarks at
LHC with
√
s = 14 TeV (extrapolated) in our model to the cross sections in MSSM. RIGHT: Contours of the cross
sections themselves (at leading order), in pb, at LHC with
√
s = 14 TeV. The squark mass here is 1200 GeV and the
parameterization of the axes is similar to Figs. 3, 5 and 7. The details of the critical features are explained in the
text.
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FIG. 17: Ratios of squark production cross sections at√
s = 14 TeV to those at
√
s = 8 TeV. Here, red:
QCD-only Dirac gluino case, green: electroweakinos at
their MEI values, which provides an upper bound on
the impact of electroweakinos in the presence of a Dirac
gluino.
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